The integrin family of cell surface receptors is strongly conserved in higher animals, but the evolutionary history of integrins is obscure. We have identified and sequenced cDNAs encoding integrin ␤ subunits from a coral (phylum Cnidaria) and a sponge (Porifera), indicating that these proteins existed in the earliest stages of metazoan evolution. The coral ␤ Cn1 and, especially, the sponge ␤ Po1 sequences are the most divergent of the ''␤ 1 -class'' integrins and share a number of features not found in any other vertebrate or invertebrate integrins. Perhaps the greatest difference from other ␤ subunits is found in the third and fourth repeats of the cysteine-rich stalk, where the generally conserved spacings between cysteines are highly variable, but not similar, in ␤ Cn1 and ␤ Po1 . Alternatively spliced cDNAs, containing a stop codon about midway through the full-length translated sequence, were isolated from the sponge library. These cDNAs appear to define a boundary between functional domains, as they would encode a protein that includes the globular ligand-binding head but would be missing the stalk, transmembrane, and cytoplasmic domains. These and other sequence comparisons with vertebrate integrins are discussed with respect to models of integrin structure and function.
The integrins comprise a large family of cell surface receptors involved in diverse adhesion and signaling events in animals (1) . In vertebrates, at least 20 different ␣␤ heterodimeric integrins are important for processes such as embryonic morphogenesis, leukocyte migration, platelet aggregation, and regulation of cell proliferation and differentiation. Integrins in Drosophila melanogaster and Caenorhabditis elegans also are known to be required for a host of morphogenetic events (2, 3) . While some integrins bind directly to other transmembrane proteins, most are receptors for extracellular matrix components.
Each integrin is composed of nonhomologous ␣ and ␤ subunits, both of which are transmembrane proteins of approximately 100 kDa (1) . The large extracellular domains form a globular head, connected by stalks from each subunit to a pair of short cytoplasmic tails. Integrin polypeptides from nematodes, insects, and vertebrates display a remarkable degree of sequence conservation, which extends throughout the ␣ and ␤ subunits (2, 3) . The worm ␤ pat3 , fly ␤ PS , and most vertebrate ␤ subunits contain 56 conserved cysteine residues, suggesting that the proteins all fold into a stereotypical structure. The high level of structural conservation may be a reflection of the fact that in response to extracellular ligand binding or intracellular signals integrins can undergo conformational changes that are propagated along the molecule (4) . That is, extensive associations between the ␣ and ␤ subunits, as well as interactions with a host of other proteins inside and outside the cell, probably have placed significant selective constraints on integrin structure in higher animals.
Unlike the cadherins or immunoglobulin domain receptors, integrins are not part of a superfamily whose members contain repeating structural units arranged in various ways. Recently, however, an argument has been made that seven short repeats in the globular heads of integrin ␣ subunits are folded into a ␤-propeller domain similar to that found in the ␤ subunits of heterotrimeric G proteins (5) . This ␤-propeller associates with a 180 amino acid structure known as the I domain in some ␣ subunits, and the head of the integrin ␤ subunits also appears to contain an I domain-like structure (6, 7) , including a characteristic metal ion-dependent adhesion site (MIDAS). Natural mutations and experimental studies of ␤ subunits have identified a number of specific I domain amino acid residues required for integrin ligand binding (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
While progress is being made in defining integrin structure, and similarities to very distantly related proteins are becoming evident, very little information is available concerning the evolutionary origins of integrins as cell surface receptors. Previously, the most primitive organism from which an integrin-encoding gene had been isolated was the nematode C. elegans (3) . There have been suggestions of integrin-like proteins in the cnidarian Hydra, based on immunological data and inhibition studies using Arg-Gly-Asp (RGD) peptides (17) (18) (19) . In the most primitive metazoan phylum, the Porifera (sponges), there have been no good experimental suggestions of integrins, but some extracellular matrix proteins similar to those from vertebrates have been identified, including collagens and a tenascin-like molecule (20) (21) (22) (23) (24) . With these facts in mind, we set out to identify genes encoding integrin-related proteins from primitive metazoans. Here, we report the isolation of cDNAs encoding integrin ␤ subunits from two of the most primitive animal phyla, the Cnidaria (represented by the coral Acropora millepora) and the Porifera (represented by the marine sponge Ophlitaspongia tenuis). These sequences represent divergent members of what we term the ''␤ 1 -class'' of integrin subunits.
MATERIALS AND METHODS
cDNA Libraries. The coral cDNA library was made from presettlement embryos of A. millepora. Fertilized eggs were collected from the surface of wading pools containing A. millepora colonies at Magnetic Island, Queensland, Australia (19°08ЈS, 146°50ЈE), and raised in bulk in mesh-covered containers suspended at sea until the embryos reached presettlement stage. Embryos were then placed in cryo tubes and immediately frozen in liquid nitrogen.
Specimens of the marine sponge O. tenuis were collected off Jervis Bay, New South Wales, Australia (35°03ЈS, 150°44ЈE). Each sponge was separated from the substratum, shaken off, and placed individually in a plastic bag. On returning to the surface the sponges were buried in dry ice until being stored in a Ϫ80°C freezer.
Total RNA was prepared from material ground in liquid nitrogen according to the method of Chomczynski and Sacchi (25) . Poly(A) ϩ RNA was isolated using the poly(A) Tract mRNA isolation system (Promega). cDNA libraries were constructed using the Lambda ZAP system (Stratagene).
PCR Identification of Integrin cDNAs. The general strategy for isolation of integrin genes was to amplify fragments from cDNAs or cDNA libraries by PCR using degenerate primers and a variety of thermal profiles. Candidate bands were gel-purified and sequenced with the primers used for amplification, to ascertain whether they represented bona fide integrin subunit genes.
Fragments of the coral gene initially were amplified with the forward primer 5Ј-GGITTC͞TGGIIIITTC͞TA͞CTIGAC͞ TAA (corresponding to amino acid sequence GFGSFVDK) and the reverse primers 5Ј-CCICCC͞TTCIGGIGCA͞GTC (DA PEGG) and 5Ј-GCA͞GTCA͞GA A ICCICCC͞TTC (EGGFDA). The buffer contained 1.5 mM Mg 2ϩ , and Taq polymerase was used in all primary amplifications. Initially, we used a thermal profile with three cycles of annealing at 47°C and 30 cycles at 42°C.
The initial amplification of the sponge cDNA used a forward primer of 5Ј-GAC͞TC͞TTITAC͞TTAC͞TC͞TTIATGGA (DLYYLMD) and a reverse primer of 5Ј-A͞GTGA͞ GAAICCIGCA͞GTCIGT (TDAGFH). These primers amplified a fragment in 2.5 mM Mg 2ϩ , but not in 1.25 mM Mg 2ϩ , perhaps because, as indicated by subsequent sequencing, there are two mismatches between the primer and cDNA sequences. For this gene, we used a thermal profile of five annealing cycles at 37°C (and a slow ramp to the elongation temperature) followed by 45 cycles at 42°C.
Cloning and Sequencing. After sequencing indicated an integrin gene had been amplified, radiolabeled probes were made from amplified fragments and used to screen the phage libraries, using standard methods (26) . Positive clones were recovered as inserts in Bluescript SKϪ plasmids and grown in DH5␣ cells. DNA was sequenced using both vector and internal primers with Applied Biosystems automatic sequencing machines. The coral sequences reported are from plasmid C11A5. Most of the sponge sequence is from SP10C, but because this plasmid is not full length, the 5Ј end of the sequence is derived from a combination of plasmid SP10D (nucleotides encoding residues 3-34) and a PCR product (amplified with Pfu polymerase) derived from phage SP9B (encoding residues 1 and 2). Both strands were sequenced for each plasmid, but when scanning the SP10D plasmid for alternative splicing only one strand was sequenced.
An alternatively spliced exon found in plasmid SP10D inserts the sequence cagGTGAGTATACTGAACTATTAT-TATATCTCTCACA AGACTGTATGAT TAT TGT TGTGTAGtat (italics indicate f lanking residues included in SP10C) beginning at nucleotide 1355 of the sequence in GenBank. We also found heterogeneity in the size of the 3Ј untranslated region of the sponge clones. Nine nucleotide polymorphisms were found in SP10D relative to SP10C; these would be expected to change five amino acids, none in well conserved positions. Subsequent experiments showed that either splice variant could contain different polymorphisms, indicating that the inserted exon is not simply a cloning artifact that was amplified in the library.
The assignment of the N-terminal methionine for the coral protein is confirmed by the presence of stop codons in the 5Ј untranslated region. For the sponge, there are no in-frame stops (or other AUG codons) in the 44 nucleotides 5Ј to the presumed initiating AUG. However we are confident this is indeed the initiating codon, as we have sequenced 2,770 nucleotides exclusive of the 3Ј poly(A), and the mRNA on Northern blots appears as a broad band of approximately 2.8 kb. Moreover, the N-terminal sequence satisfies the criteria for a signal sequence for a protein destined for the plasma membrane (as determined by PROSORT), and this is not true if potential residues encoded by the upstream nucleotides are included.
Sequence Analysis. Sequences were aligned first with PILEUP in GCG9, followed by manual adjustments, ensuring that the 56 cysteines were aligned. Identity and similarity scores were determined using BESTFIT of optimal pairwise alignments, again manually adjusted to align the conserved cysteines.
Linkages for generating phylogenetic trees were constructed using PAUP 3.1.1. Different algorithms were run with different combinations of the data to assess the reliability of various groupings. The tree shown in Fig. 2 was generated with a heuristic algorithm, with randomly ordered sample addition. Data for other ␤ subunits are from GenBank (3, 27-38).
RESULTS AND DISCUSSION
As detailed in Materials and Methods, we used degenerate PCR primers to amplify fragments of integrin ␤ subunit cDNAs from a coral and a marine sponge. Adult corals are known to harbor numerous symbionts and other visitors, and to avoid these contaminants the cDNA library was constructed from staged embryos. A probe from the isolated plasmid identifies a single band of approximately 3.8 kb on A. millepora Northerns. This band is present at all embryonic stages examined and in unfertilized eggs (D. Miller, personal communication).
Sponges also can harbor commensal organisms, and large quantities of pure embryonic tissue were not available to us. However, the species investigated is fan-shaped and 2-3 mm thick and lacks the pores and cavities frequented by commensals in more massive sponges. Each individual was shaken to dislodge external commensals during collection. Other observations also indicate that the gene isolated does not derive from a rare contaminating organism. For example, Northern blots of O. tenuis mRNA confirm that the 2.8-kb transcript identified is abundant (not shown), and during the cDNA library screening positive plaques were present at a high frequency of roughly 1 in 2,000.
Sequence Analysis. Upon conceptual translation, both cDNAs encode proteins that are obviously integrin ␤ subunits (Fig. 1) . The coral protein (␤ Cn1 , for the first ␤ from the phylum Cnidaria) comprises 792 amino acids, whereas there are 838 in the sponge subunit (␤ Po1 , signifying the phylum Porifera). All of the major structural features of integrin ␤ subunits (signal sequence, putative I domain, cysteine-rich stalk, transmembrane, and cytoplasmic domains) are conserved in both sequences, including the 56 cysteines characteristic of most ␤ subunits. While the coral and sponge proteins are different from other ␤ subunits, there is no indication that they are specialized proteins such as vertebrate ␤ 8 and Drosophila ␤ . That is, the sequences are consistent with the idea that these proteins represent major tissue integrins of these organisms, in the same way that vertebrate ␤ 1 and Drosophila ␤ PS are common in their respective organisms (see below).
Comparisons of specific sequence motifs with other ␤ subunits reveals varying degrees of conservation. A few specific sequence comparisons are worthy of mention. A number of residues of the I domain region of ␤ 1 , ␤ 2 , ␤ 3 , or ␤ 6 have been shown by experimental or natural mutations to be important for ligand binding (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . In addition to the DXSXS motif in the MIDAS domain (positions 208-212; for easy reference, all amino acid residue numbers are the positions in the alignment in Fig. 1 ), residues shown to be critical include Asn-305, Asp-307, Pro-309, Glu-310, Asp-314, Asp-351, and Asp-388, and at least some of these are thought also to be involved in coordination of a divalent cation in a ligand-binding pocket (6, 7, 39). All of these residues are conserved in ␤ Cn1 and ␤ Po1 . The membrane distal region of the cytoplasmic domains of most ␤ subunits contains one or two NPXY motifs (beginning at positions 958 and 970). This region generally has been shown to be important in various assays of integrin function or protein association (reviewed in ref. 40) , and studies of missense mutations have directly implicated the NPXY motifs in integrin function (16, (41) (42) (43) (44) . Both of the NPXYs are found in both ␤ Po1 and ␤ Cn1 . However, the basic residue that invariably follows the first NPXY in other ␤ subunits is a Gln in ␤ Cn1 .
The membrane-proximal cytoplasmic sequence WKL-LXXXHD (positions 929-937) is conserved in most ␤ subunits and has been shown to contain residues important for associations with the conserved GFFKR and nearby sequences found in ␣ subunits (16, 45) . In particular, the terminal Asp-937 residue of the WKLLXXXHD motif of ␤ 3 has been shown to interact with the Arg of the ␣ IIb GFFKR; this Asp is conserved in both ␤ Cn1 and ␤ Po1 , lending support to the supposition that these proteins function in association with ␣ subunits. Interestingly, however, the upstream WK͞RL sequence, at the cytoplasmic side of the transmembrane domain, is replaced by I͞LKG in ␤ Cn1 and ␤ Po1 . The similarity of the two new sequences suggests that this region remains functionally important, and it will be interesting to compare the sequences of the corresponding ␣ subunits in this region.
Such sequence comparisons of divergent, but functionally similar, integrins will take on added interest as more highresolution structural information becomes available for ␤ subunits. Recently, a model has been proposed for the ␤ subunit I domain-like structure (7) . Although the resolution of this model does not allow many specific predictions to be made, it is noteworthy that the insertion of eight residues at position 373 in ␤ Po1 , and the shorter insertion of two amino acids at position 332 in ␤ Cn1 , are consistent with the model, as both inserts fall in predicted loops between a ␤ strand and an ␣ helix.
Cysteine Spacings Are Not Conserved. The most noteworthy difference between the ␤ Cn1 and ␤ Po1 sequences compared with those from higher animals is in the cysteine-rich stalk that connects the I domain-like ligand binding region to the plasma membrane. In most ␤ subunits, this domain contains four repeats in which the spacings between cysteines are generally well conserved. In both ␤ Cn1 and ␤ Po1 , all of the cysteines are present, but the intercysteine spacings are much more variable in repeats 3 and 4. For example, between the 34th and 48th cysteines, 10 of the 14 Cys-Cys spacings are absolutely conserved in all previously reported ␤ subunits (or at least in those that contain the relevant cysteines, as some of these are missing in ␤ 4 , ␤ 8 or ␤ ). In six of these 10 sites either ␤ Cn1 or ␤ Po1 contains extra residues relative to the others, and the stereotyped CXCXXCXC motifs of repeats 3 and 4 are disrupted. In addition, ␤ Po1 contains a unique insert of approximately 37 residues between cysteines 51 and 52.
If one assumes that the repeats of the stalk region arose from duplications of an original unique structural domain, then the ␤ subunits of higher animals, where the repeat structure is more strongly conserved, probably reflect the ancestral state more closely than do ␤ Cn1 or ␤ Po1 . Independent divergence from the original repeat structures in the latter proteins also is suggested by the fact that the coral and sponge intercysteine spacings are not similar to one another. Of course, this raises the question of why the integrins of higher animals have been constrained to maintain the spacings, while the others have been free to vary. Conformation-sensitive antibodies that recognize membrane proximal regions of the extracellular domain have been isolated for other ␤ subunits (46) (47) (48) (49) (50) , and it is likely that ␣-␤ contacts will be important throughout the stalk. Because it is generally more difficult for selection to change many components simultaneously, one hypothesis is that the structure of the stalk became more constrained when ␤ subunits began to associate with multiple ␣ subunits.
A ␤ Subunit Fragment From the Sponge. In the course of analyzing sponge cDNAs, we found that some contained an alternatively spliced exon of 59 base pairs. When translated in frame, one amino acid is changed relative to the intact ␤ Po1 (Fig. 1, position 521) , and the second and fifth new codons are stops, generating a protein missing the C-terminal 400 amino acids of ␤ Po1 . This protein would contain the globular ligandbinding domain, but would be missing the stalk, transmembrane, and cytoplasmic domains of a typical integrin ␤ subunit (Fig. 2) . While we have no direct evidence that such a fragment is actually present in sponges, the abundance of the cDNA (3 of 10 isolates from the library) indicates that this protein is very likely to be made.
There is one previous report of a similarly truncated integrin subunit, a 60-kDa protein that arises from an alternatively spliced ␤ 3 mRNA (51). Translation of the ␤ 3C protein stops within four amino acids of the position of the C-terminus of the truncated ␤ Po1 protein, although the sequences indicate that these alternative splicing events are not homologous. Both truncations lie just upstream of the cysteine-rich stalk, and the coincidence in the positions of the stops in ␤ 3C and ␤ Po1 suggests that this short stretch of residues following the 14th cysteine defines the limit of the ligand-binding head of the ␤ subunit.
Phylogenetic Analyses. Fig. 3 shows a phylogenetic tree of the sequenced integrin ␤ subunits, constructed using the PAUP heuristic parsimony algorithm. The tree is unrooted, because there are no ␤ sequences known that are expected to have diverged before the sponge gene. Except for the unexpected position of the Drosophila ␤ protein, discussed below, the most parsimonious ␤ subunit tree is consistent with the accepted divergence of sponges and cnidarians early in metazoan evolution.
The integrin sequences do not permit the reconstruction of a rigorous phylogeny; for example, while a bootstrapping algorithm yields a tree similar to that shown, many of the bootstrap values are less than 50. However, we have analyzed the sequences using a variety of tree-constructing algorithms and various pair-wise comparisons, and we find no good indication for an early, conserved divergence in ␤ protein sequences. The data available suggest that the radiation of ␤ subunits seen in vertebrates is a relatively late evolutionary event, probably occurring in the deuterostome lineage and possibly within the chordates. To make this conclusion firmly more invertebrate ␤ subunits need to be examined. Partial sequences of two additional sea urchin ␤ subunits, ␤L and ␤C, have been reported (28) , and their complete sequences might be especially informative in this regard, considering the close proximity of echinoderms and vertebrates in the phylogenetic tree.
Functional studies suggest that ␤ 1 is the best candidate for the ''primal'' vertebrate ␤ subunit; it associates with an unusually large array of ␣ subunits and is the subunit most commonly involved in fundamental morphogenetic events (1, 52) . The Drosophila ␤ PS and C. elegans ␤ pat3 proteins show a high degree of sequence similarity to ␤ 1 , associate with multiple ␣ subunits, and also are characterized by widespread involvement in developmental processes (2, 3) . For these reasons, we propose to consider these proteins to be representatives of a ''␤ 1 -class'' subunit. This is not meant to imply that these proteins are strict orthologues; rather, we use the term to distinguish these proteins from those, such as the Drosophila ␤ , that appear to have diverged as they have and threonine; blue, asparagine, histidine, phenylalanine, tryptophan, and tyrosine; cyan, arginine and lysine; green, isoleucine, leucine, methionine, and valine, and black, aspartic acid, glutamic acid, and glutamine. Table 1 , and comparisons of specific sequence motifs, indicate that the sponge and coral proteins are at least as much like ␤ 1 as they are similar to other invertebrate proteins. Indeed, the remarkable similarity of ␤ 1 to all of the invertebrate ␤ subunits suggests that ␤ 1 may have changed relatively little over the past 500 million years. Because ␤ 1 associates with a large number of ␣ subunits (1), its structure may have been constrained to a greater degree than that of most integrin subunits. The two sequences presented here represent the most divergent ␤ 1 -class proteins; this is especially true for the sponge. Based on 18S rRNA data, there has been disagreement as to whether cnidarians such as coral are monophyletic with higher metazoans (53, 54) . However, as more sequence data have become available, cnidarians appear to fall very much in the metazoan mainstream (e.g., ref. 55) , and the high degree of sequence similarity between ␤ Cn1 and human ␤ 1 (Table 1 ) is in agreement with this assignment. The relationship of the Porifera to other metazoans is more uncertain, but while the sponge sequence is significantly more divergent, even here there is no evidence for a polyphyletic origin.
While it must be remembered that integrin sequences are not optimal for phylogenetic reconstructions, there are two surprises in the tree. The first is the anomalous position of Drosophila ␤ between the sponge and coral sequences. This most likely results from the fact that parsimony analyses can break down when attempting to place a highly divergent sequence. Most probably ␤ is not an orthologue of the other invertebrate sequences, but a functionally specialized and highly derived protein (27) . In fact, ␤ is not especially like any of the other ␤ subunits, and in pairwise comparisons ␤ is more similar to the crayfish ␤ (46%) and human ␤ 1 (45%), than it is to the sponge and coral proteins (both 43%).
The other unexpected finding is the placement of the C. elegans ␤ pat3 between two arthropod sequences. There appears to be an unusually high degree of similarity between the C. elegans and Drosophila sequences, as opposed to a particularly high degree of divergence in the crayfish. For example, in pairwise comparisons the crayfish ␤ is most similar to fly ␤ PS , as expected. In explanation, we can only note that both the derivation of arthropod lineages, and nematodes generally, have proven to be enigmatic in other molecular phylogenetic studies (53, 56) .
Integrin-like proteins now have been shown to occur in the most primitive metazoan phyla. How deep in the evolutionary tree did integrins arise? The yeast genome is now fully sequenced, and no protein with obvious homology to an integrin ␤ subunit has been uncovered. On the other hand, there have been numerous functional and immunological suggestions that integrin-like proteins are present in higher plants and fungi (57) (58) (59) (60) (61) (62) (63) (64) .
Note Added in Proof. Recently, the sequence of an integrin ␣ subunit also has been reported from a sponge (65) . Scores for % similarity (top number) and % identity (bottom number) for human ␤1 and invertebrate integrin ␤ subunit sequences. For each comparison, alignments from PILEUP (GCG9) were manually adjusted to ensure that the 56 conserved cysteines were aligned, and scores then were calculated by BESTFIT. Signal sequences upstream of the initial conserved cysteine were not included in the analysis. 
